abstract: Existing evidence suggests that adverse pregnancy outcomes are closely related with dietary factors. Previous studies in mice have focused on the harm of folate deficiency (FD) on development of embryo, while the effect of low maternal folate levels on maternal intrauterine environment during early pregnancy remains unclear. Since our previous study found that FD treatment of mice causes no apparent defects in embryo implantation but is accompanied by female subfertility, we next chose to investigate a potential role of FD on molecular events after implantation. We observed that the decidual bulges began to be stunted on pregnancy day 6. The results of functional experiments in vivo and in vitro showed that FD inhibited the process of endometrial decidualization. It has been confirmed that DNA methylation participates in decidualization, and folate as a methyl donor could change the methylation patterns of genes. Thus, we hypothesized that FD impairs maternal endometrial decidualization by altering the methylation profiles of related genes. Reduced representation bisulphite sequencing was carried out to detect the methylation profiles of endometrium on pregnancy day 6-8, which is equivalent to the decidualization period in mice. The results confirmed that FD changes the methylation patterns of genome, and GO analysis of the differentially methylated regions revealed that the associated genes mainly participate in biological adhesion, biological regulation, cell proliferation, development, metabolism and signalling. In addition, we found some candidates for regulators of decidual transformation, such as Nr1h3 and Nr5a1. The data indicate that FD inhibits decidualization, possibly by altering methylation patterns of the genome in mice.
Introduction
Mounting evidence suggests that adverse pregnancy outcomes are closely related with exposure to extrinsic environmental factors, including diet and chemical exposure (Butterworth, 1993; Van Dijk et al., 2010; Furness et al., 2013) . Maternal exposure to dietary factors during pregnancy may influence embryonic development and may modulate the phenotype of offspring through epigenetic programming (Jaenisch and Bird, 2003) . Increasing attention has been paid to the potential protective effects on reproductive health of dietary supplements, such as pyridoxine (vitamin B6), folate (vitamin B9), choline, vitamin B12 and molecules that directly participate in the methyl activation cycle or serve as cofactors in related pathways. Due to its key role in the development of neural tube closure, folate has gained considerable attention (O'Leary et al., 2006; van der Linden et al., 2006) . Folate, an important member of the vitamin B family, is required for DNA synthesis. As the universal methyl donor for the transmethylation of DNA, folate is involved in onecarbon metabolism. Folate deficiency (FD) impairs DNA synthesis, leads to expression changes in some genes due to hypomethylation of DNA and causes homocysteine accumulation, ultimately affecting the development of offspring (Forges et al., 2008; Lambrot et al., 2013) . However, much less is known about the impact of folate metabolism on the maternal intrauterine environment that directly influences the pregnancy outcome from pre-implantation and peri-implantation through to postimplantation. Our previous study found that maternal FD does not impair the implantation of mice but is accompanied by adverse pregnancy outcomes (Gao et al., 2012a, b) . Thus, we hypothesized that maternal FD may have an impact on events after implantation, such as endometrium decidualization.
Decidualization of endometrial stromal cells (ESC) is one of the key processes in uterine receptivity involving the differentiation of ESCs into decidual cells and mediated by progesterone; it is crucial for embryonic survival through the early stages of implantation (Ramathal et al., 2010) . The decidual cells could coordinate the process of trophoblast invasion and serve to protect the embryo from insults that may arise on the maternal side (Red-Horse et al., 2004) . Decidualization of ESC depends on complex regulatory networks, including post-transcriptional epigenetic regulation, and processes such as DNA methylation have gained much attention. Gao et al. revealed that both DNMT1 and DNMT3a are co-ordinately expressed in decidual cells of mice on D6-8 of pregnancy. The inhibition of DNA methylation caused significant abrogation of decidualization, with a concomitant loss of embryos (Gao et al., 2012a, b) . Studies showed that supplementation of folic acid or other methyl donors to prevent birth defects can alter the methylation patterns of several biomolecules (Dolinoy et al., 2007; Boeke et al., 2012; Dominguez-Salas et al., 2014) . Therefore, we hypothesized that FD may change the methylation patterns of genes involved in decidualization to affect pregnancy.
The combination of bisulphite conversion and high-throughput sequencing (Bis-Seq) offers the most quantitative method for DNA methylation analysis at single base resolution. Published studies have showed that genome-wide Bis-Seq has been achieved (Park et al., 2014) . When the analysis of multiple samples is required, reduced representation bisulphite sequencing (RRBS) is the method of choice (Meissner et al., 2005) . The RRBS method makes use of restriction enzyme digestion to selectively analyse genomic regions enriched for CpG sites in a methylation-independent manner, thus achieving a high coverage of CpG-rich regions while greatly reducing the sequencing read requirement. RRBS can be performed for whole-genome DNA methylation analysis at a single base resolution for a large number of samples, to understand how DNA methylation and its changes are involved in development, differentiation and disease pathogenesis.
In this study, we investigated the effect of maternal FD on decidualization of mice in vivo and in vitro. Furthermore, RRBS was employed to clarify the related molecular mechanism. The results showed that maternal FD impairs decidualization and that the changes caused in genome DNA methylation profiles may participate in the process.
Materials and Methods

Ethical approval
All animal procedures were approved by the Ethics Committee of Chongqing Medical University (20110016) on 21 October 2011.
Animals and administration
A folate-deficient pregnant mouse model was established as described by Gao et al. (2012a, b) . Mature mice (Kunming White outbred strain, 6 -8 weeks old, weighing 25 -30 g) were approved for experimental use by the Laboratory Animal Centre of Chongqing Medical University [Chongqing, China, Certificate: SCXK (YU) 20070001] and caged in a specific pathogenfree animal room under a controlled environment (14 h light/10 h darkness). The animal procedures were in accordance with the Ethics Committee of Chongqing Medical University. Adult female mice were mated with fertile or vasectomized males of the same strain by co-caging to induce pregnancy or pseudopregnancy. The appearance of the vaginal plug was considered to indicate Day 1 of pregnancy or pseudopregnancy. The implantation sites of pregnant mice on D6 -8 (5 mice/day of each group) were squeezed and the blastocysts were removed under stereomicroscope; the decidua bulges were collected on ice and quickly stored in liquid nitrogen for further analysis.
Artificial decidualization was induced by intraluminal infusion of 25 ml of sesame oil (Sigma, St Louis, MO, USA) into one uterine horn on the morning of Day 4 of pseudopregnancy, whereas the contralateral uninjected uterine horn served as a control. The uteri were collected on Day 8 of pseudopregnancy. Parts of the uteri horns were fixed in formalin and embedded in paraffin (FFPE), and the rest of the tissues were stored in liquid nitrogen.
Detection of serum folate levels
Serum folate levels of mice were detected using an electro-chemiluminescence immunoassay as previously described (Zhao et al., 2006) .
Haematoxylin and eosin staining
Haematoxylin and eosin (HE) staining was performed following the standard procedures of the staining kit (Jiancheng, Nanjing, China). Briefly, serial crosssections (4 mm in thickness) of the FFPE uterine tissue samples were deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol. The samples were stained with haematoxylin for 3 min and then with eosin for 30 s, followed by dehydration until they were transparent. Finally, the pieces were mounted with neutral gum.
Cell culture and in vitro decidualization
Mouse uterine stromal cells were isolated as previously described (Frolova et al., 2009) . Briefly, uterine horns from Day 4 pseudopregnant mice were split longitudinally and digested in Hanks' balanced salt solution containing 1% trypsin (Sigma) and 6 mg/ml dispase II (Roche, Mannheim, Germany) at 48C for 1 h, followed by room temperature for 1 h, and an additional 10 min at 378C for preliminary digestion. After further digestion with 0.05% collagenase, the supernatant was filtered through a 70 mm mesh filter (BD, NJ, USA). The stromal cell pellet was collected by centrifugation and resuspended with complete medium. Cells were diluted to 5 × 10 5 cells/ml and plated onto culture plates. The purity of the cultures was assessed by vimentin (Supplementary data, Fig. S1 ). Cells isolated from control mice or FD mice were cultured in DMEM/F12 medium (Gibco, Grand Island, NY, USA) or folate-free RPMI medium 1640 (Gibco) containing 10% charcoal stripped fetal bovine serum (Gibco) and 0.1% antibiotics (Beyotime, Shanghai, China).
In vitro decidualization was induced by hormone treatment. Media of primary mouse uterine stromal cells were supplemented with water-soluble b-estradiol (E 2 ) at a final estradiol concentration of 10 nM (Sigma) and watersoluble P 4 at a final P 4 concentration of 1 mM (Sigma) for 72 h. Control ESCs were cultured in parallel over 3 days without hormonal treatment.
Real-time PCR
Total RNA was extracted from the mouse endometrial tissues using RNAiso Plus Reagent (Takara, Dalian, China) according to the manufacturer's protocol. Reverse transcription was conducted using a PrimeScriptTM RT reagent Kit (Takara, Dalian, China). The specific primers for qPCR were designed and synthesized by Sangon Biotech Co. Ltd (Shanghai, China) and the sequences of the primers for qPCR are shown in Table I . The cDNA was amplified to quantify gene expression by real-time PCR using gene-specific primers and SYBR Green (TaKaRa) and the PCR reaction was performed by the Bio-Rad CFX Manager 3.1 Detection System (USA). Experiments were performed in triplicate for each sample, and 2 2△ △Ct method was used to calculate the relative gene expression in different tissue samples, with b-actin as the internal control.
Immunofluorescence
Primary stromal cells isolated from the uterine endometrium were cultured on slides (10 mm × 10 mm) and treated or not treated with hormone. Following washing with PBS, the sections were fixed in cold methanol for 15 min at room temperature and blocked with 2% BSA for 1 h at 378C. Primary antibodies against desmin (Abcam, Cambridge, MA, USA) were applied on cells overnight at 48C, and then incubated with fluorescein isothiocyanate-labelled Folate deficiency impairs decidualization rabbit IgG for 1 h at 378C in the dark after incubation with DAPI (Beyotime, Shanghai, China) and sealing with glycerine (50%).
Reduced representation bisulfite sequencing
RRBS was performed by BGI technology. RRBS was conducted according to the standard procedures. Bisulphite-converted genomic DNA libraries were constructed for DNA samples from endometrium of pregnant mice on D6 -8 of normal and folate-deficiency pregnancy according to the previously described methods (Smith et al., 2009; Gu et al., 2010) . Briefly, the genomic DNA was digested by the restriction enzyme MspI (NEB), which could specifically recognize and cut at its restriction site, and then was endrepaired and 3 ′ -dA overhung, followed by methylated Illumina adapter ligation. The fragments with 40 -220 bp were gel-selected, and bisulphite treatment was conducted with a ZYMO EZ DNA Methylation-Gold kit (Zymo Research, Irvine, CA, USA). Libraries were sequenced by an Illumina Genome Analyser with a read length of 49 bp after polymerase chain reaction (PCR) amplification and final scaling of converted libraries.
Bioinformatics analysis of RRBS data
The data were filtered by removing the low-quality reads and adapter sequences from the raw reads, and then were mapped to the reference genome. Only uniquely mapped reads were used for the standard analysis and the personalized bioinformatics analysis. We used the SOAP aligner (Li et al., 2008) for alignment of the transformed reads to the reference genome sequence. Thymine (T) replaced the observed cytosine (C) in the forward reads of each read pair in silico, and adenine (A) replaced guanine (G) in the reverse read of each read pair in silico. Every hit was replaced separately by a minimum number of mismatches and a distinct strand assignment was considered to represent unambiguous alignment. After a quality control test, we used the uniquely mapped reads that had an enzyme-cutting site to obtain information on the methylation of cytosine.
Methylation levels were determined by dividing the number of reads covering each methyl-cytosine (mC) by the total reads covering that cytosine (C), which was also equal the mC/C ratio at each reference cytosine. For each of these windows (.5 CpGs), the average methylation level was calculated as follows:
Average methylation level = 100 × reads which covered methyl -cytosine effective sequencing reads
The evaluation of the percentage of the methylation level of mC under each sequence context was also performed, and the methylation level of each cytosine site was calculated as follows:
Methylation level = 100 × reads which covered methyl -cytosine effective sequencing reads
Based on the CpG methylation pattern, we used 200 bp non-overlapping windows to identify differentially methylated regions (DMRs) with the RRBS-analyser. We analysed the DMRs between the normal and folatedeficiency samples at the single CpG site level, genomic CpG island (CGI) regions and the promoter level using Fisher's exact test and the BenjaminiHochberg multiple testing correction. DMR-related genes were chosen for GO analysis.
Statistical analysis
All experiments were replicated at least three times. The data were analysed using the Statistical Package for the Social Sciences (SPSS) statistical software (Version 16.0; SPSS Inc., IL, USA). Student's t-test was used to analyse differences between the groups. Differences were considered significant if P , 0.05. For the DMR detection procedure, our in-house programme used seeding instead of a fixed sliding window. The seed comprised 5 CpGs with a significant difference (Fisher's exact test). The seed extended in both directions on a 1-bp step until the following conditions occurred: the distance between two adjacent CpGs was over 200 bp, the methylation level between samples was less than a 2-fold change, the methylation level of both samples was ,20% and the P-value calculated from Fisher's exact test was .0.05. Significantly differentially methylated and differentially expressed genes were defined by a false discovery rate (FDR) of ,0.05 as identified by x 2 test with the Benjamini -Hochberg correction.
Results
Successful establishment of an FD mouse model
According to previous reports (Burgoon et al., 2002) Early pregnancy impairment is a key factor in the subfertility of FD female mice Our previous study found that there were no apparent defects in embryo implantation following FD treatment (Gao et al., 2012a, b) , but folate deficiency was accompanied by subfertility (data not shown). We therefore chose to investigate the potential role of FD on molecular events after implantation. To address this, control and FD mice were sacrificed at various time points after implantation. Implantation sites and decidual bulges were readily observable in control mice (Fig. 1A) and FD mice (Fig. 1D ) beginning at D6, 1 day after blastocyst attachment, indicating that the uterus of FD females is at least permissive and capable of blastocyst attachment and implantation. However, the size of the implantation sites in the control females increased obviously (Fig. 1B) , whereas the size of implantation sites in FD mice failed to show a significant increase (Fig. 1E) . Continued observation of pregnancy progression to D9 showed that the control implantation sites developed normally (Fig. 1C) , while those in FD females failed to recover from the early implantation impairment and continued to be stunted (Fig. 1F) . In addition to the size of the decidual bulges (Fig. 1H) , the average number of Folate deficiency impairs decidualization observed implantation sites (Fig. 1G) was also reduced. These results indicate that FD may lead to an impairment in the maintenance and progression of decidualization.
FD inhibits decidualization in vivo
To confirm the effects of low folate levels on the decidualization process, we employed a previously described mouse model of induced decidualization. This induced deciduoma model allowed for the study of the effect of FD on implantation independent of embryo development and ovarian function. As shown in Table II , the formation rate of deciduoma in the FD group was much lower than that in the normal group. The gross anatomies of the uteri were assessed first. Representative tissues from one mouse in each treatment group are shown ( Fig. 2A) . The control mice demonstrated robust deciduoma formation, whereas the FD mice exhibited inelastic and softer deciduoma formation along the stimulated uterine horn. Further assessment was conducted by measuring the uterine mass. Although the wet weight of the deciduoma of FD mice became heavier than the unstimulated horn, compared with the control mice, the mass was significantly decreased in the decidual response of uteri from the FD animals (Fig. 2B) . Morphological examination of uterine cross-sections of the normal group revealed a drastic increase in the number of large, binucleate or polyploidy cells with loose light staining decidual cells. In contrast, the stimulated uterine horns of folatedeficiency mice only showed densified stromal cells with larger cytoplasm regions, and the size of the stromal compartment was distinguishable from that of the control horn (Fig. 2C ). In addition, RNA was isolated from all uterine horns to measure the levels of the well-established decidualization markers, decidual/trophoblast PRL-related protein (dtPRP) and bone morphogenetic protein 2 (Bmp2). Real-time PCR analysis showed that the level of dtPRP mRNA increased in the deciduoma of both control and FD mice, whereas the BMP2 mRNA level only increased in the deciduoma of the control mice, and the results showed an obvious decrease in dtPRP and BMP2 mRNA levels in the deciduoma of the mice following FD treatment compared with control mice (Fig. 2D) . The data indicated that maternal FD inhibited decidualization in vivo.
FD restrains decidualization of ESC in vitro
To further validate the effects of low folate level on decidualization, primary ESC of mice were isolated and decidualization was induced in vitro by hormone treatment according to a previous study. Primary stromal cells isolated from control mice showed substantial morphological changes, including a transformation from elongated into polygonal and multinuclear cells, whereas stromal cells from low folate mice did not show these changes (Fig. 3A) . Although dtPRP mRNA of cells isolated from FD mice increased after hormone treatment, compared with the normal mice, the levels of dtPRP and BMP2 were also obviously decreased in E 2 P 4 -treated cells from FD mice (Fig. 3B) . In addition, the expression of desmin, a reported marker of decidual cells (Ruan et al., 2012) , was obviously shown in the E 2 P 4 -induced cells from normal mice, as indicated by immunostaining, and there were many binucleate decidual cells. Compared with the control group, the positive signals were much weaker in the cells from the FD group after hormone treatment (Fig. 3C) . These results showed that FD could restrain decidualization of ESC in vitro.
FD changes the DNA methylation profiles of endometrial genes on pregnancy D6, D7 and D8
As a methyl donor, folate could change the methylation patterns of genes, and DNA methylation is involved in decidualization. We hypothesized that FD impairs decidualization by affecting the DNA methylation status of genes. To fully understand the effects of FD on the DNA methylation patterns of genes related to decidualization, RRBS was performed to detect the methylation profiles of endometrial genes on pregnancy days 6 -8, which is equivalent to the decidualization period in mice.
The number of sites and the percentages of different types of mC, including mCG and methylated non-CG regions (mCHH and mCHG, H ¼A, C, or T) could reflect characteristics of the specific sample. Thus, we first analysed the proportion of different types of mC between the two groups on a genomic scale (Fig. 4) . Of the detected mC, most (near or exceeding 90%) were in a promoter region and CGIs and the minority of mC were in non-CG regions (CHH and CHG). On pregnancy D6 and D7, the distribution pattern of the FD group was similar to that of normal sample. On pregnancy D8, the proportion of mCG in promoter region (93.57%) and the CGI (94.51%) of the FD group increased compared with that in the promoter region (89.13%) and the CGI (91.87%) of the normal group. Accordingly, the proportion of mCHH in the promoter region (4.98%) and CGI (4.09%) of the FD group decreased compared with that in the promoter region (8.51%) and the CGI (6.26%) of the normal group (Fig. 4) .
We then compared the genomic methylation levels between the control and FD samples. As shown in Fig. 5 , the average methylation level of all cytosines in the promoter and the CGI in the folate-deficiency group was increased on D6, began to decline on D7 and obviously decreased on D8. Interestingly, compared with the normal group, the average methylation level of mC in the promoter and CGI increased on D6 and D7 and declined on D8 following FD treatment. In addition, apart from apparent changes of mCHH on D7, the changes in the methylation level were concentrated in CG and mCG (Fig. 6) . The results indicated that FD would lead to changes of genomic methylation patterns, including the distribution of different types of mC and average methylation levels.
Identification of DMRs and GO analysis
To identify DMRs between normal and folate-deficiency samples, we used a sliding window with at least five sequenced CpGs. In total, we identified 666 DMRs on D6, 646 DMRs on D7 and 785 DMRs on D8 between the two groups.
Compared with the normal group, the methylation levels of some genes increased while there were reduced methylation levels of other genes in the FD group (Table III) mechanism by which FD impairs the decidualization of the endometrium, GO analysis of DMR-related genes was performed. During the decidualization period (D6-8), the functional annotation of DMR-related genes revealed that they mainly participate in biological adhesion, biological regulation, cell proliferation, developmental processes, metabolic processes and signalling (Fig. 7) . 
Folate deficiency impairs decidualization
The expression of decidualization-related genes hypermethylated by FD is down-regulated
Combining the results of RRBS and the existing reports, the genes that were highly expressed as a consequence of decidualization attracted our attention; these included Socs2, Jag2 (Su et al., 2015) and Ccne2 (Pawar et al., 2013) . Moreover, genes that participated in the cell cycle (Trp53), cell proliferation (Myd88), apoptosis (Snrk, Itga6, Ptcra), differentiation (Nr1h3, Rbpj, Mapk3, Nr5a1) and angiogenesis (Lect1, Ereg), all of which are involved in the decidualization process were also observed. The expression of these genes in the endometrium on the corresponding day (D6, D7 or D8) were detected by real-time PCR. As shown in Fig. 8 , the mRNA levels of these genes were significantly lower in the folate-deficiency group than in the normal group. The results confirmed that FD induced the hypermethylation of these genes except Myd88, thus reducing their expression and finally inhibiting the decidualization of the endometrium. Interestingly, Myd88 is hypomethylated by FD treatment, while its mRNA level was reduced, indicating that there are other ways of regulating its expression in endometrium on D6 in mice.
Discussion
Previous reports of adverse pregnancy outcomes due to FD have mainly focused on the effects of folate on embryo development but whether low maternal folate levels have an impact on the intrauterine environment during pregnancy remains unclear. In this study, we first clarified that FD impaired the decidualization process of the endometrium. The decidua plays a critical role in the regulation of trophoblast invasion, the modulation of the local immune response, protection from reactive oxygen species and the development of the placenta (Cha et al., 2012) . Consequently, defects in decidualization induced by FD have a ripple effect throughout pregnancy, manifesting in adverse obstetric outcomes. In mammals, including humans and rodents, ESC extensively proliferate and differentiate into decidual cells under the direction of signals released by invading embryos after implantation (Cha et al., 2012) . The regulation of DNA methylation during decidualization has increasingly attracted the attention of researchers. In an in vitro model of decidualization induced by hormone (oestrogen, progesterone or a different combination with cAMP)-treated primary or cloned human endometrial stroma cells, DNMTs exhibited a transient or sustained decreased expression (Yamagata et al., 2009; Vincent et al., 2011; Grimaldi et al., 2012; Logan et al., 2013) , whereas DNMT1 showed temporal Figure 4 Proportions of different methyl-cytosine patterns. The pie graph has three colours, and the area of each colour represents the percentages of different methylation types (mCG, mCHG, mCHH) . N, normal; F, folate deficiency.
Folate deficiency impairs decidualization up-regulation in the early stage (van Kaam et al., 2011; Logan et al., 2013) . Gao et al. (2012a, b) profiled the change of DNA methylation through a non-biased approach using a methylation-sensitive restriction fingerprinting technique in an experimentally induced decidualization model in mice to screen for differentially methylated genes during the progression of decidualization. They identified multiple genes that show hyperor hypo-methylation in regulatory elements and that correlate well with their down-or up-regulated expression in the decidual horn compared with an undifferentiated counterpart, clearly showing changes of DNA methylation during this biological event. Enhanced expression of Folate deficiency impairs decidualization DNMT1 and DNMT3A in the decidua, together with the fact that 5-aza-dC significantly impairs the maintenance of decidualization and aberrantly up-regulates two hyper-methylated genes (Bcl3 and Slc16a3), strongly supports an essential role of this epigenetic regulation for successful post-implantation decidual development. The negative effects of 5-aza-dC on decidualization were also supported by our previous study using a mouse model (Ding et al., 2012) . Folate is a source of single carbons necessary for DNA methylation and required for epigenetic modification. Both hypo-or hyper-genespecific methylation have been reported to be related with impaired folate status. FD induces hypomethylation within critical regions of the p53 gene (Kim et al., 1996) . DNA methyltransferase activity in rats would be up-regulated under dietary folate methyl depletion (Christman et al., 1993; Pogribny et al., 1995) , leading to hypermethylation at specific loci (Pogribny et al., 1997) . Therefore, we hypothesized that the DNA methylation pattern of decidualization-related genes may be changed following FD treatment. RRBS was performed to detect the methylation profiles of normal and FD samples. This is the first study to describe the global DNA methylation response to FD during pregnancy. Unsurprisingly, the results showed that global genomic methylation patterns changed following FD treatment, including the proportion of different types of mC and average methylation levels. In our study, non-CpG sites, such as CHG or CHH, showed a relatively lower level of methylation (10-40%) compared with CpG (80-100%), which is consistent with a previous report (Lister et al., 2009 ). This non-CpG methylation may depend on the DNMT3A/B-DNMT3L complex in different cell contexts (Arand et al., 2012; Shirane et al., 2013) . We found that the proportion of mCHH in the promoter region (4.98%) and CGI (4.09%) decreased in the folate-deficiency group on D8. Non-CpG methylation is strongly related to neighbouring sequences (Lister et al., 2009) and CpG methylation (Arand et al., 2012) . Further exploration is needed to understand non-CpG methylation and its function in mammals. Unfortunately, the interpretation of our methylation studies is limited due to a lack of biological replicates in the analyses. Additionally, the effect of folate on genome DNA methylation is complex and related to other dietary components or substrates from one-carbon metabolism (Crider et al., 2012) . Further research is needed to clarify the relationship between folate and DNA methylation.
We have found FD impairs decidualization, which indicates that the expression of decidualization related genes is changed, and these changes may involve DNA methylation. It is also possible that the methylation changes are actually the result, rather than the cause, of the failed decidualization. However, most research has reported that DNA methylation plays a key role in regulating the genes involved in decidualization (Ding et al., 2012; Gao et al., 2012a, b; Logan et al., 2013) , thus the failed decidualization is most likely the effect of the methylation changes.
To further explore the potential molecular mechanisms of FD that impair decidualization, we identified the DMRs and performed GO analysis of DMR-related genes. Functional annotation of these genes revealed that they mainly participate in cell proliferation (e.g. Myd88, Rbpj), angiogenesis (e.g. Lect1, Ereg) and signalling (e.g. Nr1h3, Trp53, Mapk3). Those biological processes are all key molecular events of decidualization. Thus, some genes, which have not been reported to be involved in decidualization but participate in the cell cycle, apoptosis, differentiation and angiogenesis, may be candidates for the regulatory factors of decidualization (Fig. 8) . It is well known that steroid hormones play a leading role during the process of decidualization. These hormones play a central role in the regulation of implantation via their cognate nuclear receptors (NRs) to govern the proliferation and differentiation of the endometrial compartments through an intricate mechanism of paracrine crosstalk (Rubel et al., 2010) . In this study, Nr1h3 (also called LXR) and Nr5a1 (also called SF-1), which belong to the NR family, were down-regulated by the hypermethylation response to FD. Studies have determined that Nr1h3 plays a role during the process of normal trophoblast invasion in placental implantation (Pavan et al., 2004; Henry-Berger et al., 2008) , in part by inhibiting the expression of MMP9 (Castrillo et al., 2003) , an enzyme implicated in extracellular matrix degradation and decidualization. Nr5a1 controls the expression of genes involved in steroidogenesis, regulates the differentiation of cells (Jadhav and Jameson, 2011) and activates its target genes in response to the stimulation of the intracellular cAMP/PKA signal pathway (Schimmer and White, 2010 ) that mediates decidualization of ESCs. SF-1 plays a key role in regulating the response of endometriotic cells to PGE2 by increased estradiol formation, and the expression of SF-1 in the endometrium is determined by the methylation of its promoter (Xue et al., 2007) . As a decidualizing molecule (Kennedy et al., 2007) , PGE2 is believed to activate E-series of Prostaglandin Receptors type 2 (EP2) or E-series of Prostaglandin Receptors type 4 (EP4) on stromal cells, which in turn leads to the accumulation of intracellular cAMP and thus decidualization (Yee and Kennedy, 1993) . Bulun et al. (2009) found that SF-1 would bind to the promoters of multiple steroidogenic genes, including those of aromatase when the endometriotic cells were exposed to the local hormone PGE2, and causes formation of estradiol. Therefore, the PGE2/cAMP/SF-1 pathway may participate in Figure 8 The expression of decidualization-related genes on Day 6 (A), Day 7 (B) and Day 8 (C) detected by real-time PCR (*P , 0.05; ** P , 0.01; ***P , 0.001).
the decidualization of stromal cells. Recently, studies have confirmed that Notch signalling is a critical component of cell-cell communication during decidualization (Cuman et al., 2014) . We also identified the Notch signalling-related genes, Rbpj and Ptcra, which are hypermethylated by FD, and their expression was decreased in the FD group. Furthermore, we observed genes related to the Wnt signalling pathway (Trp53) that were crucial for decidualization. Interestingly, some genes (e.g. Rbpj) become hypomethylated at Day 8, from being hypermethylated at Day 6, suggesting that the hypomethylation effect of FD may become more apparent over time. Notably, the mouse model of decidualization has some distinct differences compared with human decidualization, such as different expression of DNMT1/3a/3b and the effect of 5-aza-dC on ESC during decidualization (Yamagata et al., 2009; Logan et al., 2010; Gao et al., 2012a, b) . More work needs to be done to explore the function of these candidates for regulators in decidual transformation.
FD is reported to result in adverse pregnancy outcomes due to effects on embryonic development. In this study, we revealed that FD impairs uterine decidualization after implantation, which is crucial for pregnancy. Furthermore, we first detected the global DNA methylation of endometrium in mice on pregnancy Day 6, Day 7 and Day 8. The results showed that FD changed the methylation profiles of the genome and affected the expression of key genes, possibly leading to the inhibition of decidualization. The data provide new evidence for understanding of the role of folic acid during pregnancy and provides new clues to clarify the detailed molecular mechanisms of decidualization.
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